Addition of coenzyme Q,, (CoQ) at low concentration (29 nmol/mg of protein) to kidney but not liver mitochondria resulted in an increase in proton conductance. This uncoupling activity required fatty acid and was completely inhibited b y GDP. CoQ activated when it was likely to be reduced but not when it was likely to become oxidized. However, the redox state of endogenous CoQ did not affect mitochondrial proton conductance. Stimulation by CoQ was not inhibited by cyclosporin A, carboxyatractylate, bongkrekate and catalase but could be reversed by superoxide dismutase. We conclude that CoQ acted in mitochondria through production of superoxide, which mediated uncoupling, probably by acting through uncoupling protein 2.
Introduction
Uncoupling proteins (UCPs) are mitochondrial inner-membrane proteins which are supposed to mediate proton leakage through the inner memKeywords: mitochondrion. superoxide, UCP2.
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brane. Physiological uncoupling function is well established for UCPl from brown adipose tissue but uncertainty reigns over the functions of UCP2 and UCP3 [l-51. UCPl is activated by fatty acids and is inhibited by purine nucleotides. UCP2 and UCP3 are highly similar to UCPl at the amino acid level, and are expressed respectively in various tissues and predominantly in skeletal muscle [6-81. UCPl plays an important role in mediating cold-exposure-induced thermogenesis and is also a likely mediator of diet-induced thermogenesis [9, 10] . T h e large spectrum of tissues in which UCP2 and UCP3 are expressed has been described as consistent with a putative role in diabetes and obesity or in thermogenic responses to inflammatory stimuli [4, 5] . Convincing experimental evidence for their functions as H+ transporters in mammalian mitochondria is lacking despite recent results that skeletal-muscle mitochondria lacking UCP3 are more coupled [ l l ] , indicating that UCP3 has uncoupling activity. T h e specific lack of H' transport in these proteins could be due either to the low concentration in the respective tissues as compared with UCPl in brown adipose tissue [ 121, or lack of a physiological signal required for their uncoupling activities. Even the observation of a decrease in membrane potential and increase in State 4 rates in yeast mitochondria expressing UCP2 and UCP3 [6, 7, 
Materials and methods

Isolation of mitochondria
Female Wistar rats (4-8 weeks old) were killed by stunning followed by cervical dislocation. Liver and kidney were immediately removed and placed in ice-cold medium, containing 50 mM Tris/HCl (pH 7.4), 100 mM KCI and 2 mM EGTA. Mitochondria were isolated as previously described [21] , with all steps carried out at 4°C. Protein concentration was determined by the Biuret method.
Proton-leak measurements
Respiration rate and membrane potential were measured simultaneously using electrodes sensitive to oxygen and to the potential-dependent probe triphenylmethylphosphonium cation (TPMP+) [22] . Liver (0.5 mg/ml) or kidney (0.35 mg/ml) mitochondria were incubated in standard assay medium containing 120 mM KCI, 5 mM KH,PO,, 3 mM Hepes and 1 mM EGTA, pH 7.2, at 37 "C with addition of 5 p M rotenone, 80 ng of nigericin/ml and 1 pg of oligomycin/ml. T h e electrode was calibrated with sequential 1 p M additions up to 5 p M TPMP+. Mitochondria were energized with 4 m M succinate and the membrane potential was titrated by sequential addition of inhibitors (malonate, myxothiazol or cyanide).
Redox state of endogenous CoQ and mitochondria1 proton leak
Respiration rate and membrane potential were measured simultaneously as described in the Materials and methods section. Proton leak in liver (0.5 mg/rnl) or kidney (0.35 rng/ml) mitochondria was measured in standard assay medium ( -BSA) or in standard medium supplemented with 0.3% BSA (+BSA). Titration was by addition of (0) concentration of 10pM was added to kidney mitochondria in 1 pl of dichloromethane. Dichloromethane was chosen as a solvent because it induced less damage to mitochondria than other organic solvents such as chloroform. Figure 2 shows that the rate of proton leak across the inner membrane at any given membrane potential was the same in energized mitochondria titrated with malonate (inhibitor of Complex 11) in the presence or absence of CoQ. However, CoQ caused an increase in proton leak when the energized mitochondria were titrated with cyanide (inhibitor of Complex IV). This increase in the uncoupling activity was fully inhibited by GDP (500 pM). 
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Effect of different agents on CoQ-activated proton conductance
Proton leak in kidney mitochondria was measured in standard assay medium. Titration was by addition of cyanide using succinate (4 mM) as substrate. Results are presented as the percentage inhibition of CoQ activation of proton conductance at a membrane potential of I 30 mV. GDP was added at 500 pM, SOD at 45 units13.5 ml. bongkkate (BKA) at I .5 pM, carboxyatractylate (CAT) at I .5 pM, cyclosporin A (CsA) at I pM and catalase at I0 unitd3.5 ml.
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BSA caused no change in liver mitochondrial proton conductance irrespective of the titration method used. T h e same results were obtained when the assay medium was supplemented with BSA ( Figure 3) or with BSA and 300 p M palmitate (results not shown). These observations suggest that CoQ induces proton conductance through a tissue-specific mechanism. T h e fatty acid requirement, the G D P sensitivity and the absence of the CoQ stimulation in liver mitochondria pointed towards a role for UCP2, which is expressed in kidney but not in liver mitochondria [5] . We also tested whether another member of the mitochondrial inner-membrane transporter family, the adenine nucleotide translocase, mediated the CoQ activation of proton conductance. Adenine nucleotide translocase shares structural homology with UCP and several studies have proposed a role for it in fatty acid-induced uncoupling [23, 24] . T h e diagnostic feature of this carrier protein is its highly specific inhibition by carboxyatractylate and bongkrekate. Neither of these inhibitors reversed the CoQ stimulation of the proton conductance in kidney mitochondrial energized with succinate and titrated with cyanide ( Figure 4 ). Since ubiquinone was recently proposed to regulate the mitochondrial permeability transition pore (MTP) [25] , it was essential to check whether the increase in proton conductance is the link between CoQ and M T P opening. As shown in Figure 4 , cyclosporin A, an inhibitor of the MTP, did not reverse the increase in proton leak caused by exogenous CoQ. This does not exclude a link between the opening of the M T P and CoQ, since the conditions used here do not activate the M T P (medium lacking Ca"). These results support further the suggestion that UCP2 could be involved in the uncoupling effect of CoQ.
CoQ induces uncoupling through superoxide production Surprisingly, addition of superoxide dismutase (SOD) strongly decreased the CoQ activation of rnitochondrial proton conductance (Figure 4) . SOD removes superoxide and thus helps to protect cells from damage induced by free radicals. Figure  2 summarizes the effect of SOD on the CoQinduced rnitochondrial uncoupling. In energized kidney mitochondria titrated with either cyanide or myxothiazol, SOD inhibited the CoQ uncoupling effect by about 65 O/O. This clearly suggests that CoQ induces its effect by increasing the production of superoxide. Incomplete inhibition by S O D may indicate that CoQ still has a marginal direct effect on kidney mitochondria, which is still sensitive to GDP. Under normal circumstances, superoxide is detoxified by SOD to form H,O,.
Thus the uncoupling effect observed in the presence of CoQ could be predicted to be due to H,O, generation as a result of increased in vitro 0; production. This could be the reason why the CoQ effect is absent in liver, a tissue that is very rich in catalases. T o evaluate this possibility, isolated mitochondria were incubated with catalase in the presence of CoQ. Figure 4 shows that the increase in proton conductance of kidney mitochondria in the presence of CoQ was not sensitive to catalase, thus confirming that the uncoupling effect was mediated through 0; production.
It was recently suggested that the uncoupling activity of UCP2 is physiologically important in modulating the generation of reactive oxygen species from mitochondria of certain cell types [26, 27] . For example, it was reported that lipopolysaccharide treatment increased UCP2 mRNA in lung and stomach. In macrophages, the production of reactive oxygen species appears to be regulated by UCP2 in conjunction with physiological function. Thus disruption of the UCP2 gene (UCP2-knockout) increases reactiveoxygen-species production from macrophages and, in parallel, protects against lethal infections by Toxoplasma gondii. Presumably, this effect is due to macrophages having acquired a higher than normal killing potential. In light of these observations, we propose that the uncoupling of kidney mitochondria by 0; is mediated by UCP2, but this proposal requires further investigation.
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